ABSTRACT: An intercomparison of climate trends between 2 adjacent large cities, Shenzhen and Hong Kong, in the past 46 yr (1968−2013) suggests that the rate of urbanization is clearly reflected in the rate of the change in local climate. Since becoming a special economic zone in 1980, Shenzhen has experienced a very rapid urbanization process. In only 30 yr, Shenzhen has transformed from a small town into a metropolis rivaling Hong Kong. The gross domestic product and urban built-up area in Shenzhen have increased rapidly. Climate data analysis over the last 46 yr showed a greater rate of change in climate in Shenzhen than in Hong Kong over the same period. In Shenzhen, average annual temperature warmed by 1.63 ± 0.18°C (~0.35 ± 0.04°C per decade), average maximum temperature increased by 0.90 ± 0.19°C, average minimum temperature increased by 2.09 ± 0.23°C and the diurnal temperature range (DTR) decreased by 1.18 ± 0.23°C. Over the same period in Hong Kong, average temperature increased by 0.47 ± 0.20°C (~0.10 ± 0.04°C per decade), maximum temperature increased by 0.12 ± 0.28°C, minimum temperature increased by 0.55 ± 0.20°C and DTR decreased by 0.43 ± 0.27°C. In addition, relative humidity in Shenzhen decreased by 13.13 ± 1.78% in the last 46 yr, while there were no significant changes in Hong Kong. Finally, data analysis showed that urbanization has no significant effect on total rainfall for both cities.
INTRODUCTION
Knowledge of the urbanization effect on climate is essential in designing climate-friendly cities (Eliasson 2000, Masson et al. 2013) . The study of the effect of urbanization on local climate can be traced back to the early 19th century. Howard (1833) reported the discovery of an urban heat island, where air temperature is higher in urban areas than in rural areas, in London. Howard's study was generally taken as the start of the study of the urban effect on local climate, in which air temperature is always the focus, and some studies show that the urban−rural air temperature difference can reach as high as 12°C in clear, calm nights (Oke 1981) . The air temperature difference between urban and rural areas can be attributed to the different thermal processes over different land surfaces; a comprehensive summary on the physical mechanism of the urban warming process can be found in Grimmond (2007) . However, air temperature is not the only climate element influenced by urbanization. Because of changes in the physical properties of land surfaces (such as heat capacity, albedo and roughness) and the activities of humans (such as industrial processes and transportation of people and goods), wind characteristics and exchanges of energy and substances between the atmosphere and land surface in urban areas are quite different from those in rural areas, which significantly influences the wind (i.e. Bornstein & Johnson 1977 , Goldreich & Surridge 1988 , Cheng & Hu 2005 , humidity (i.e. Chandler 1967 , Lee 1991 ) and precipitation (i.e. Oke 1987 , Kaufmann et al. 2007 ) over urban areas.
In the last decade, China has become the focus of attention in the field of urbanization effect on climate (Li et al. 2004 , Zhou et al. 2004 , Kaufmann et al. 2007 , Chen et al. 2011 , Ge et al. 2013 , Yu et al. 2013 . Benefiting from the 'reform and opening' strategy implemented in the early 1980s, China's economy developed rapidly over the last 3 decades. Along with this rapid economic growth, the urbanization process in China was also rapid. Official statistics show that the urban population in China in 2011 was around 691 million, more than 3 times the figure in 1980 (Chinese Academy of Social Sciences 2011).
Among all of the cities in China, Shenzhen is especially notable because it was designated as the first special economic zone (SEZ) in China. Shenzhen is famous for its drastically rapid urbanization after establishment of the SEZ in 1980, and is possibly one of the fastest growing urban areas in the world. Over the last 35 yr, Shenzhen transformed from a small town to a megacity, its population increased by around 30 times and its gross domestic product (GDP) by more than 1000 times. At the same time, the landscape also experienced significant changes. Thus, a study on the impact of urbanization on local climate in Shenzhen will further enhance understanding in this field. Some previous studies (Zhou et al. 2004 , Chen et al. 2011 ) of the urbanization effect on climate in China mentioned the rapid urbanization of Shenzhen but did not provide a detailed analysis of its climate trends. Hong Kong, another large city, is located directly adjacent to Shenzhen and has a quite different urbanization process from that of Shenzhen in the same period from the 1970s onwards; therefore, an intercomparison of climate trends between Shenzhen and Hong Kong would be especially helpful to study the impact of rapid urbanization on local climate.
BRIEF DESCRIPTION OF DATA

Meteorological data
Although there are currently numerous automatic weather stations in Shenzhen and Hong Kong, the meteorological data used herein were collected from the Shenzhen Caiwuwei Weather Station (CWW) and Hong Kong Observatory (HKO), which have the longest continuous climate data records for each city. The locations of the 2 stations are shown in Fig. 1 . The elevations above sea level for the CWW and HKO are 18.5 and 32 m, respectively, and all observations were performed at fixed heights during the period of study. According to the 'local climate zone' (LCZ) classification system by Stewart & Oke (2012) , both stations are currently located in LCZ1 (compact high-rise).
Data ranged from 1968 to 2013 and included elements such as 6 h temperature (daily at 02:00, 08:00, 14:00 and 20:00 h local sidereal time), daily relative humidity and daily precipitation. Data collection at the CWW is in accordance with ground-based observation specifications issued by the China Meteorological Administration, and the HKO is in accordance with HKO operational standards. Data quality from both sources was carefully scrutinized.
Yearly average data during 1968−2013 were calculated from the aforementioned 6 h and daily data, which include annual average temperature, annual average maximum temperature (at 14:00 h LST), annual average minimum temperature (at 02:00 h LST), annual average diurnal temperature range (DTR, difference in temperatures at 02:00 and 14:00 h), annual average relative humidity and total annual rainfall.
Urbanization data
Population and GDP data from 1979 to 2012 were used to quantify the urbanization process in Shenzhen and Hong Kong and were sourced from the Statistics . In this section, data on population growth, GDP and built-up area of the 2 cities are used to demonstrate the different courses of development in the past 33 yr. Fig. 2 shows the population growth in Shenzhen and Hong Kong between 1979 and 2012. As shown, Hong Kong's population variation was relatively flat and only grew from 5.02 million to 7.17 million in 33 yr, a 1.12% compound annual growth rate (CAGR). In contrast, Shenzhen experienced a population ex plo sion; in 1979, there were 0.37 million people, only 7.3% of Hong Kong's population. By 2000, Shenzhen's population exceeded Hong Kong's, and by 2012, official data showed 10.54 million people, 1.47 times Hong Kong's population. Shenzhen's population grew at 11.03% CAGR in these 33 yr. Even more astonishing is that some unofficial statistics considered 10.54 million a serious underestimate, and if migrant workers are taken into account, Shenzhen's actual population might exceed 14 million.
Population
GDP
Gross domestic product (GDP) is another indicator used to reflect the pace of city development, and Fig. 3 shows the GDP trends of both cities between 1979 and 2012. Both cities experienced rapid growth over the past 33 yr. Hong Kong's GDP grew from 112.7 billion Hong Kong dollars (HKD) in 1979 to HKD 2 trillion in 2012, a CAGR of 9.47%; Shenzhen's GDP grew from 196 million Chinese yuan (CNY) to CNY 1.3 trillion over the same period, a CAGR of 31.64%. Even as Hong Kong went into a recession and GDP declined after the Asian financial crisis in 1997, Shenzhen was unaffected and maintained rapid growth in GDP. The GDP data illustrated here have not been adjusted for inflation be cause of the limited data available for Shenzhen. However, the comparison of nominal GDP data is still meaningful, since they reflect the continuous development of economies in the 2 cities year by year.
Built-up area
Compared to population and GDP data, consistent and continuous data on the size of built-up area is more difficult to obtain. Table 1 lists the size of built-147 1979 1982 1985 1988 1991 1994 1997 2000 2003 2006 2009 2012 ) 1979 1982 1985 1988 1991 1994 1997 2000 2003 2006 2009 2012 up areas for both cities in 4 separate years. The trend for urban built-up area was relatively flat in Hong Kong, while Shenzhen's growth was very rapid. In addition to statistical data, urbanization and changes in vegetation can also be described by the normalized difference vegetation index (NDVI) retrieved from satellite data (Lenney et al. 1996 , Chen et al. 2006 , Stellmes et al. 2013 ). Fig. 4 shows the change in NDVI over Shenzhen in 3 different years and depicts the evolution of vegetation degradation and urban expansion in Shenzhen. The NVDI data in Fig. 4 were retrieved from Landsat thematic mapper data, in which a negative value indicates ground covered by clouds or water, a larger number represents greater green coverage and a value of 0 to 0.2 denotes bare soil and urban land. Since cloud cover is more intense over southern China, it is difficult to locate satellite images in which the entire Shenzhen area had clear sky; thus, the images in Fig. 4 are made up of images from 2 temporally close days in the same year. For instance, the 1986 image combined those from November 3 and 28, 1986; the 1995 image combined those from December 7 and 30, 1995; and the 2005 image combined those from November 16 and 23, 2005 . Fig. 4 clearly shows the process of urban expansion in Shenzhen over the years. In 1985, when the SEZ had been established for just 5 yr, only the southwestern coastal areas had a dense built-up area, whereas northwestern and northeastern areas were still in their early developmental stages and therefore had relatively higher vegetation coverage. By 1995, the urban built-up area expanded greatly, and northeastern inland and northwestern coastal areas were gradually transformed into visible built-up areas. By 2005, the built-up area had further expanded in northwestern Shenzhen. Throughout the process of urban expansion, not only was vegetation cover reduced but reclamation along the western coastline had transformed part of the ocean into construction sites.
The evolution of land use has significantly changed the surroundings of the 2 weather stations. Based on the LCZ classification system, during the last 35 yr, the HKO had moved from LCZ2 (compact mid-rise) to LCZ1 (compact high-rise), while the CWW of Shenzhen had moved from LCZ6 (open low-rise) to LCZ1. In terms of the changes of economic, population and built-up area, Shenzhen and Hong Kong experienced very different processes of urbanization in the last 33 yr. In 1979, Hong Kong was already a developed economy and was known as one of the 4 Asian Tigers, whereas Shenzhen was an underdeveloped small town, with an economy and population that were incomparable with those of Hong Kong. The built-up area in Shenzhen in 1979 was less than 10% of Hong Kong's and accounted for less than 1% of the entire Shenzhen administrative area. By 2012, although Hong Kong remained one of the most dynamic economies in the world, Shenzhen's population and built-up area had already exceeded that of Hong Kong, and its economy had reached a level comparable with that of Hong Kong.
INTERCOMPARISON OF CLIMATE TRENDS
Average air temperature (T a )
Variations in average annual T a in Shenzhen and Hong Kong are illustrated in Linear least-squares regression (LLSR) was used in this study to detect any significant trend in climate change, and this method has been successfully applied in several previous studies (Li et al. 2004 , Zhou et al. 2004 , Chen et al. 2011 ). According to Hamburg (1977) , the LLSR equation is expressed as:
where Y represents meteorological elements (such as air temperature), and X represents year. The coefficients a and b are calculated as follows:
where ȳ and x are the average value of samples x i and y i , and n is the sample size.
To evaluate the confidence level (CL) from the linear trend derived from the LLSR method, the correlation coefficient of the linear regression is calculated as follows: (4) The value of r 2 represents the proportion of variance in Y in Eq. (1) and is called the sample coefficient of determination. Then, the test statistic, t, can be calculated as follows: (5) where, t(r,n) is the point on the Student's t distribution for the degrees of freedom (n − 2) and correlation coefficient r. Subsequently, the CL (= 1 − α) is calculated as follows: (6) where f(t,n) is the probability density function of the test, and α is the significance level.
For T a , the linear warming trend in both cities passed the significance test at 0.01 CL; thus, warming in both cities was significant in the past 46 yr. To estimate the magnitude of warming in both cities, average temperatures were calculated for the first and last 10 yr of the time period, T 1968−1977 and T 2004−2013 . Then, the magnitude of warming over the past 46 yr was determined by subtracting T 1968−1977 from T 2004−2013 .
To estimate the statistical uncertainty range of climate trends, a time series of 10 yr moving average air temperature, say T 1968−1977 , T 1969−1978 , T 1970−1979 , …, T 2004−2013 , was reconstructed. A new regression equation for 10 yr moving average air temperature can be derived, and the uncertainty range of the regression coefficients, namely, b, in Eq. (3) for the new time series at 0.01 CL can be calculated by using a method introduced by Lane (2014) , which was consequently used to estimate the uncertainty range of climate trends. The method used to estimate the uncertainty range of the air temperature trend was also applied to other meteorological elements hereafter. Thus, it can be concluded that Shenzhen's warming rate is also faster than the average warming rate of China.
In addition to calculating the rate of warming, estimating the contribution of urbanization on warming is also important. Chan et al. (2012) used Reanalysis 1 data from the US National Centers for Environment Prediction-National Center for Atmospheric Research (NCEP-NCAR), and meteorological observations and sounding data from HKO stations, leading to estimates that urbanization contributed roughly 42.3% of warming in Hong Kong during 1971−2010. Therefore, using this conclusion, the contribution of 'background factors' other than urbanization (i.e. global warming) for Hong Kong's warming rate is 100.0% minus 42.3%, i.e. 57.7%. This study assumes that the contribution to warming by the background factors calculated in Chan et al. (2012) is also applicable during 1968−2013, and this assumption is reasonable given that the time periods between the studies are similar. Thus, during 1968−2013, background factors contributed approximately 0.47°C multiplied by 57.7%, or 0.27°C, to warming in Hong Kong. Given that Shenzhen and Hong Kong are neighbors and that the straight-line distance between the CWW and HKO is only around 30 km, it can be assumed that background factors also contributed 0.27°C to warming in Shenzhen. Therefore, contribution by urbanization to warming in Shenzhen is 1.63 ± 0.18°C minus 0.27°C, or about 1.36 ± 0.18°C, with a contribution rate of 81.4 to 85.1%, which is quite large, and shows that urbanization is the most important factor driving local warming in Shenzhen. Fig. 6a shows the trends for maximum temperature (Tmax). Over the past 46 yr, Tmax in Shenzhen also exhibited a clear uptrend; Tmax rose by 0.90 ± 0.19°C, and the linear regression on this warming trend passed the significance test at 0.01 CL. In contrast, trends for Tmax in Hong Kong are not obvious; Tmax rose by only 0.12 ± 0.28°C, and its linear regression failed the significance test at 0.01 CL. Fig. 6b shows the trends for minimum temperature (Tmin). Over the past 46 yr, Tmin in Shenzhen rose more than Tmax; Tmin rose by 2.09 ± 0.23°C, and the linear regression on this warming trend passed the significance test at 0.01 CL. Similarly, Tmin in Hong Kong also exhibited a more obvious up trend; Tmin rose by 0.55 ± 0.20°C over the past 46 yr. Despite the smaller magnitude of increase in Hong Kong than in Shenzhen, its linear regression also passed the significance test at 0.01 CL. 1968 1973 1978 1983 1988 1993 1998 2003 2008 2013 1968 1973 1978 1983 1988 1993 1998 2003 2008 2013 1968 1973 1978 1983 1988 1993 1998 
Maximum air temperature, minimum air temperature and diurnal temperature range
Hot days and cold days
In Shenzhen, 33°C is the threshold for issuing a hot weather warning. If the maximum air temperature exceeds 33°C, a hot weather warning is issued by the Meteorological Bureau of Shenzhen Municipality. Fig. 7a shows the number of days each year with temperatures at 14:00 h LST exceeding 33°C in both cities and is hereinafter defined as the metric measuring the change in number of hot days. Fig. 7a shows that the number of hot days rose very quickly in Shenzhen in the past 46 yr. There was an average of only 7.2 d of hot days annually in 1968−1977, but by 2004−2013 , the average increased by 29.1 ± 2.3 d, and its linear regression passed the significance test at 0.01 CL. During the same period, Hong Kong saw an increase of only 2.1 d in the number of hot days. However, the statistical uncertainty range is ± 33.4 d, and the linear regression failed the significance test at 0.01 CL. As the number of hot days increased in Shenzhen, energy consumption increased because of more cooling demand in summer; thus, to some extent, it in creased anthropogenic heat emissions and provided positive feedback for further local temperature rises.
Once minimum air temperature falls below 10°C, the Meteorological Bureau of Shenzhen Municipality issues a cold weather warning urging the public to take precautions against cold weather. Fig. 7b shows the number of cold days each year in both cities in the past 46 yr, which are derived from the air temperature at 02:00 h LST. The figure shows that the number of cold days has dropped significantly. In 1968−1977, the average annual number of cold days in Shenzhen was around 31.6 d, and in 2004−2013, the number had dropped by 15.5 ± 5.2 d, and the linear regression for this downtrend passed the significance test at 0.01 CL. During the same period, Hong Kong saw a de crease of only 2.5 ± 2.2 d in the number of cold days. Not only was the rate of decrease much smaller than in Shenzhen, but its variation trend also failed the significance test at 0.01 CL, even though the rising trend of average minimum temperature passed the significance test at 0.01 CL.
Relative humidity
Urbanization causes changes in the physical properties of land surfaces and increases the amount of impervious surfaces within built-up areas. Grim mond (2007) pointed out that impervious surfaces re duce water seepage and change the surface hydrograph, leading to more urban floods. In addition, im pervious surfaces reduce water content, thereby causing changes in relative humidity (Chandler 1967 , Lee 1991 . Fig. 8 shows the changes for relative humidity in both cities in the past 46 yr. There were no significant differences between relative humidity in both cities before 1983, but they began to diverge in 1983, 1968 1973 1978 1983 1988 No. of hot days
No. of cold days By the 2010s, Shenzhen's average annual relative humidity was around 12% lower than the average in Hong Kong, which shows that rapid urbanization had a significant influence on relative humidity in Shenzhen. Two possible explanations why relative humidity in Shenzhen is currently around 12% lower than it is in Hong Kong are that (1) the ocean has greater influence on Hong Kong's weather, similar to the reason behind the difference in DTRs between the 2 cities; and (2) the percentage of urban built-up area in Hong Kong (23.92%) is less than that in Shenzhen (43.21%).
Precipitation
In studies of the impact of urbanization on precipitation in the Pearl River Delta, situated in both Shenzhen and Hong Kong, scholars arrived at different conclusions from different perspectives. Based on Landsat and monthly climate data during the period 1988−1996, Kaufmann (2007) discussed the relationship between climate and urban land use in concentric buffers around the sampling stations. He concluded that there is a causal relationship between temporal and spatial patterns of urbanization and temporal and spatial patterns of precipitation during the dry season, leading to an urban precipitation deficit in which urbanization reduces local precipitation. Meanwhile, Chen et al. (2011) analyzed the precipitation time series for a longer period of time and believed there were no significant trends for precipitation in the Pearl River Delta region. Fig. 9 shows the time series of annual rainfall between the 2 cities. It shows that Hong Kong had greater overall annual rainfall than Shenzhen, which further illustrates that Hong Kong's climate is impacted by oceans more significantly than Shenzhen's climate, even though the cities are adjacent to each other and the straight-line distance between their 2 weather stations is ~30 km. A trend analysis showed that the linear regression for rainfall failed the significance test at even 0.1 CL, indicating that urbanization had no significant effect on total rainfall for both cities, which is consistent with the conclusion of Chen et al. (2011) . However, another study based on data from multiple stations (Mok et al. 2006 ) stated that urbanization has led to spatial variation of rainfall in Hong Kong
ANALYSIS AND DISCUSSION
The above discussions show that although Shenzhen and Hong Kong are adjacent to each other and the straight-line distance between the CCW and HKO weather stations is only about 30 km, their recorded climate trends are very different. Since the establishment of the SEZ, Shenzhen has experienced very rapid urbanization, in which population, GDP and urban built-up area surged in a short period of time. During the same period, although Hong Kong was also growing, the rate of development was far slower than that in Shenzhen. This difference in development speed brought a very significant impact on urban climate. In Shenzhen, T a , Tmin, Tmax and number of hot days exhibited an uptrend, while DTR, number of cold days and relative humidity decreased. The linear regression for all variables passed the significance test at 0.01 CL. 152 1968 CL. 152 1973 Relative humidity (%) 1978 1983 1988 1993 1998 2003 1968 1973 1978 1983 1988 1993 1998 2003 Previous findings regarding the effects of urbanization on physical climatic mechanisms can help ex plain climate change in Shenzhen (Carlson & Arthur 2000 , Grimmond 2007 , especially since these effects were particularly marked there. The artificial materials in urban built-up areas often have high heat capacity and low reflectivity, which is conducive to the increase in heat capacity and temperature of land surfaces in Shenzen. Rapid population growth and economic development compound this through anthro po genic heat emission from urban energy consumption, re sulting in a faster rise in temperature. Meanwhile, at night, long wave radiation is reflected many times and absorbed by high-rise building walls and ground surfaces, creating a more significant warming effect at night. Therefore, while T a , Tmin and Tmax increased during the period, Tmin rose more than Tmax, leading to a decrease in DTR. At the same time, be cause of the expansion of impermeable and impervious surfaces, more precipitation re sulted in runoff into the sea, reducing the water content of the land surface, resulting in a rapid drop in relative humidity. Although Hong Kong was also growing during this period, the rate of development was far slower, and therefore the change in climate was not as dramatic as that in Shenzhen.
Correlation coefficients between urbanization statistics and climate indicators reflect the differences in the urban effect on climate between Shenzhen and Hong Kong. Because it not affected by factors such as inflation, population data are more suitable than GDP in reflecting the process of urbanization; this study therefore calculated the correlation between population and climatic indicators. Table 2 shows the correlation coefficients between populations of Shenzhen and Hong Kong with the annual averages of 5 climatic indicators over the past 46 yr. From Table 2 , the absolute values of the correlation coefficients be tween Shenzhen's population and all 5 climatic indicators were over 0.7 and passed the significance test at 0.01 CL; T a , Tmin and Tmax showed a positive correlation with population, while DTR and relative humidity showed a negative correlation. In contrast, al though the correlation coefficients between Hong Kong's population and T a , Tmin and Tmax passed the significance test at 0.01 CL, the values are significantly lower than those in Shenzhen. Meanwhile, the correlation coefficients be tween Hong Kong's population and DTR and relative humidity are near zero, which means that there are essentially no relationships between DTR/relative humidity and population growth.
Relationships between the population and climate elements were also analyzed through Granger causality, which is a statistical hypothesis test to determine whether one time series is useful in forecasting another (Granger 1969) . In this test, if one time series, X, is determined to be useful in forecasting another time series, Y, X can be taken as the Granger-cause of Y. In this study, the time series of population was set as X and those of climate elements as Y. The lagged value was set as 1, which means that the response of the climate elements is assumed to be 1 yr later than the variation in population.
The results of the Granger causality test suggest that population is the Granger-cause of the variations in all climate elements in Shenzhen. However, in Hong Kong, population is only the Granger-cause of T a , Tmin and Tmax and seems to have no impact on DTR and relative humidity, which is quite accordant with the results of the correlation analysis.
SUMMARY
This study compares climate change in the 2 neighboring megacities of Shenzhen and Hong Kong over the past 46 yr (1968−2013) . Since these 2 cities have experienced different speeds of urbanization during this period, an intercomparison study on the climate trends in the 2 cities can further enhance our understanding of the impact of rapid urbanization on local climate. This study reached the following conclusions:
(1) Since establishment of the SEZ in 1980, Shenzhen has experienced very rapid urbanization, in which Shenzhen's population and GDP grew at a CAGR of 11.03 and 31.64%, respectively, between 1979 and 2012. In contrast, Hong Kong was already a mature metropolis since the 1960s, in which its population and GDP grew at a CAGR of only 1.12 and 9.47%, respectively, over the same period. Compared to 1980, Shenzhen's urban built-up area expanded by about 6825%, while Hong Kong's in - (4) Relative humidity in Shenzhen declined by 13.13 ± 1.78% over the past 46 yr, while that in Hong Kong had no significant change. Furthermore, there were no significant linear trends in rainfall for both cities during the period, and both linear regressions failed the significance test at 0.01 CL, indicating that urbanization had no significant impact on total annual rainfall in both cities.
(5) By comparing climatic indicators with urban development in Shenzhen and Hong Kong, it is shown that the pace of urbanization is well reflected on the rate of change in local climate. Rapid urbanization is at least part of the reason for significant changes in local climate in Shenzhen. 
